Aims/hypothesis We hypothesised that non-obese diabetic mice (NOD) mice have an autoimmune-mediated loss of islet sympathetic nerves and an impairment of sympathetically mediated glucagon responses. We aimed: (1) to determine whether diabetic NOD mice have an early impairment of the glucagon response to insulin-induced hypoglycaemia (IIH) and a coincident loss of islet sympathetic nerves; (2) to determine whether invasive insulitis is required for this nerve loss; and (3) to determine whether sympathetically mediated glucagon responses are also impaired. Methods We measured glucagon responses to both IIH and tyramine in anaesthetised mice. We used immunohistochemistry to quantify islet sympathetic nerves and invasive insulitis. Results The glucagon response to IIH was markedly impaired in NOD mice after only 3 weeks of diabetes (change, −70%). Sympathetic nerve area within the islet was also markedly reduced at this time (change, −66%). This islet nerve loss was proportional to the degree of invasive insulitis. More importantly, blocking the infiltration prevented the nerve loss. Mice with autoimmune diabetes had an impaired glucagon response to sympathetic nerve activation, whereas those with non-autoimmune diabetes did not. Conclusions/interpretation The invasive insulitis seen in diabetic NOD mice causes early sympathetic islet neuropathy. Further studies are needed to confirm that early sympathetic islet neuropathy is responsible for the impaired glucagon response to tyramine.
Introduction
In humans, the glucagon response to insulin-induced hypoglycaemia (IIH) is impaired soon after the onset of type 1 diabetes [1] , and it remains markedly impaired even when antecedent hypoglycaemia is meticulously avoided [2, 3] . These data suggest that this particular impairment is caused by irreversible anatomical defects, like the loss of islet beta cells and islet sympathetic nerves, as opposed to reversible physiological adaptations, like hypoglycaemiaassociated autonomic failure [4] .
Studies in streptozotocin diabetic rats confirm that the loss of islet beta cells is one anatomical defect that contributes to the impaired glucagon response to IIH. However, the magnitude of the beta cell contribution varies across studies. Some find that beta cell destruction per se completely abolishes the glucagon response to IIH [5, 6] while others find that most of the glucagon response remains [7] [8] [9] . We favour the concept that beta cell loss accounts for some, but not all, of the glucagon impairment because the autonomic nervous system, a known stimulator of glucagon secretion [10] , is still fully activated by IIH early in streptozotocin diabetes [5, 7, 11] . Therefore, we focused on the autonomic nervous system when looking for a second anatomical impairment in autoimmune diabetes.
Late impairments in two of the three autonomic inputs to the islet, the parasympathetic nerves and adrenal medullary adrenaline (epinephrine), have been reported during IIH in type 1 diabetes. However, early after diabetes onset, parasympathetic activation during IIH is normal, and the latter impairment is correlated to the duration of illness [12] and is generally attributed to the presence of diabetic autonomic neuropathy. Likewise, early in conventionally controlled diabetes, the adrenaline response is normal if hypoglycaemia-associated autonomic failure is avoided [13] . Furthermore, the early impairment of the glucagon response to IIH in type 1 diabetic patients does not correlate with impaired adrenaline or parasympathetic responses [14] . Therefore, we looked for an anatomical impairment of the third autonomic input, the islet sympathetic nerves, because preventing the activation of islet sympathetic nerves during IIH markedly impairs the glucagon response, at least in non-diabetic animals [15] . When we analysed the sympathetic nerves of the BB diabetic rat, an animal model with severe autoimmune diabetes [16] , we found both an early, selective and marked loss of their islet sympathetic nerve terminals [17] and an impairment of their glucagon response to selective sympathetic nerve stimulation [18] . We named this syndrome early sympathetic islet neuropathy (eSIN) to distinguish it from diabetic autonomic neuropathy.
However, there are significant differences in the onset, severity and progression of diabetes in the BB rat compared with the human form of the disease. In contrast, there is some similarity in these three phenotypes between nonobese diabetic mice (NOD) mice and humans with type 1 diabetes. With regard to diabetes onset, it is very abrupt in the BB rat [16] , with none of the long preclinical period that characterises type 1 diabetes in the NOD mouse [19] and in most humans [20] . With regard to diabetes severity, islet beta cell loss is nearly complete at diabetes onset in BB rats [16] , in contrast to that of NOD mice [21, 22] and humans, [23, 24] in both of which there is evidence for residual beta cell function early in diabetes. With regard to diabetes progression, both NOD mice [25] and humans [24] have a progressive loss of residual beta cell mass and function with increasing duration of type 1 diabetes.
It was not known whether diabetic NOD mice had an early impairment of the glucagon response to IIH. Therefore, in our first study we sought to demonstrate such an impairment, thereby establishing a rationale for examining diabetic NOD mice for the presence and cause of eSIN. Our subsequent studies were not designed to determine the mediators of that impaired glucagon response to IIH; rather, we sought to determine (1) whether eSIN was present in the diabetic NOD mouse, (2) whether eSIN was caused by the lymphocytic infiltration of the islet, and (3) whether the glucagon response to sympathetic neural activation was impaired.
Methods
Animals and pretreatments Female NOD mice (The Jackson Laboratory, Bar Harbor, ME, USA) were studied. In some experimental groups (see Table 1 ), the onset of autoimmune diabetes was induced/accelerated by the injection of cyclophosphamide (300 mg/kg i.p.; Sigma, St Louis, MO, USA) given at age 8-9 weeks. Cyclophosphamide-induced diabetes was confirmed 2-3 weeks after cyclophosphamide injection. In other experimental groups, autoimmune diabetes was allowed to develop naturally between 13 and 30 weeks of age. Cyclophosphamide and naturally occurring diabetes in NOD mice were treated with insulin pellets for 3-5 weeks (Linbit, ∼0.1 U/day; Linshin, Scarborough, ON, Canada).
To block the invasive insulitis that causes the development of diabetes [26] , one group of cyclophosphamide-treated NOD mice received an injection of complete Freund's adjuvant (CFA, 0.05 ml emulsion; Sigma) into the left hind footpad 1 day after cyclophosphamide injection [27] . Swelling of the hindlimb, observed the following day and persisting throughout the study, confirmed successful injection of CFA.
Female non-obese diabetes-resistant mice (NOR; The Jackson Laboratory) were pretreated with either the pancreatic beta cell toxin alloxan (180 mg/kg s.c. in saline; Sigma), to induce non-autoimmune diabetes in the absence of nerve loss, or the sympathetic neurotoxin 6-hydroxydopamine (200 mg/kg i.v., 4% ascorbic acid in saline; Sigma), to destroy islet sympathetic nerves in the absence of diabetes.
Research involving animals was conducted in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International, all protocols were approved by the Institutional Animal Care and Use Committee of the Seattle VA Puget Sound Health Care System, and all mice included in these studies were certified as healthy by the Veterinary Medical Officer.
Insulin-induced hypoglycaemia Cyclophosphamide diabetic and non-diabetic NOD mice were anaesthetised with isoflurane (1.5-2.0%) and placed on a self-regulating heating pad (Harvard Apparatus; Holliston, MA, USA) to maintain body temperature at 37°C. Through a midline laparotomy, both the portal vein and the inferior vena cava were catheterised for blood sampling (PE 10; Beckton Dickinson, Sparks, MD, USA), with the tip of the portal catheter advanced to the hilus of the liver to access glucagon-rich blood. The right common jugular vein was catheterised for drug and donor blood infusion. A 45 min stabilisation period preceded baseline blood sampling.
Blood glucose was monitored from the inferior vena cava (1µl blood; OneTouch Ultra 2 blood glucose meter; LifeScan, Milpitas, CA, USA) at regular intervals before and during insulin-induced hypoglycaemia (IIH). An infusion of soluble insulin (20 mU kg −1 min −1 i.v.) and variable glucose (14-43 mg kg −1 min −1 i.v.) was started, in diabetic mice only, 20 min into the stabilisation period to achieve baseline glucose levels similar to those of nondiabetic controls. A baseline blood sample was then drawn from the portal vein for later measurement of plasma glucose, glucagon and adrenaline concentrations, using assay methods described previously [18] . The volume of all portal vein blood samples was fully replaced by a concomitant jugular vein infusion of heparinised donor blood. After the baseline sample had been drawn, a bolus of regular insulin was given (3 U/kg i.v.), and the insulin/ variable glucose infusion in the diabetic mice was discontinued. A second, 'stimulated' blood sample was drawn from the portal vein 5 min after the glucose nadir had been reached. Because the goal of the hypoglycaemia protocol was to achieve a glucose nadir of 2.2 mmol/l in portal venous plasma, mice achieving a nadir above 2.8 mmol/l or below 1.7 mmol/l were omitted from the study.
Sympathetic neural activation
The experimental preparation for studying glucagon responses to the sympathomimetic tyramine (1,280µg kg −1 min −1 for 5 min i.v.; Sigma), was similar to that for the IIH study but with three exceptions. First, diabetic NOD mice remained hyperglycaemic throughout the experiment. Second, an inferior vena cava sampling catheter was not implanted. Third, a third (recovery) portal vein blood sample was drawn 15 min after discontinuation of the tyramine infusion.
Tissue fixation and immunohistochemistry Mouse pancreatic tissue was fixed, harvested, sectioned and mounted by a method we have previously used in rats [17] . Quantification Ten islets per mouse, a sample size sufficient to detect a 35% decrease in islet sympathetic nerves (see Results), were randomly chosen for measurement of islet size, percentage of islet area infiltrated by lymphocytes, islet sympathetic nerve area and, in selected cases, islet glucagon area. The perimeter of the islet was traced, and total islet area was calculated using a computer-assisted image analysis system. The area of lymphocytic infiltration was identified by Hoechst staining and was calculated by subtracting the islet area clear of lymphocytic infiltration from the total islet area. The islet area occupied by alpha cells was identified by glucagon staining and quantified by circumscribing the staining for computer calculation of glucagon area. Sympathetic nerve fibres within the islet were identified by NPY immunostaining and quantified by tracing each fibre segment within an islet image using a computer (arrows in Fig. 2a ) to obtain the cumulative area of NPY-positive nerve fibres (µm 2 /islet), as we have done previously for islet sympathetic nerves of BB and Wistar rats [17, 18] .
Statistical analysis When comparing data across three groups, we used analysis of variance and a post hoc Dunnett test. When making comparisons between two groups, we used a two-sample t test. The line relating islet infiltration to islet NPY fibre area was generated using standard linear regression. All data are expressed as mean±SEM.
Results
Glucagon response to insulin-induced hypoglycaemia We first sought to determine whether diabetic NOD mice had an early impairment of their glucagon response to IIH. Cyclophosphamide-induced, 3 week diabetic NOD mice and non-diabetic controls had similar baseline glucagon values (81±5 ng/l and 87±10 ng/l, respectively), yet the portal vein glucagon response to IIH was markedly impaired in the diabetic NOD mice (change, −70%; p<0.03; Fig. 1b) . In contrast, the basal plasma glucose levels in the two groups were similar and the nadirs were identical (2.2 mmol/l; Fig. 1a ). In addition, the basal plasma adrenaline levels and the responses to IIH were similar (Fig. 1c) .
Islet nerve loss and invasive insulitis We next sought to determine whether there was a defect in islet sympathetic innervation in cyclophosphamide-treated, 3-week diabetic NOD mice ( Fig. 2a and b) . NPY-positive nerve fibre area in the islets of these mice was markedly less than that in their age and sex-matched non-diabetic NOD controls (change, −66%; p<0.01; Fig. 2c and Table 1 ). To determine whether cyclophosphamide treatment had accelerated the loss of islet sympathetic nerves, we compared this nerve loss with that in NOD mice that became diabetic naturally but had the same duration of diabetes (3 weeks). There was only one-half the nerve loss in the group with naturally occurring diabetes when compared with their own controls (change, −31%; p< 0.05; Fig. 2d and Table 1 ). To determine whether islet nerve loss progressed with the duration of diabetes, we measured the loss of islet sympathetic nerves in NOD mice with 5 weeks of naturally occurring diabetes. The nerve loss in this 5 week group was double that in the group with 3 weeks of naturally occurring diabetes (change, −71%; p<0.01; Fig. 2d and Table 1 ). With regard to invasive insulitis, the percentage of islet area infiltrated in either cyclophosphamide diabetic or natural diabetic NOD mice of 3 weeks duration tended to be larger than in their respective nondiabetic controls (Fig. 3e, f and Table 1 ). This tendency reached significance after 5 weeks of naturally occurring diabetes (p<0.05; Fig. 3f and Table 1 ).
To determine whether invasive insulitis, in the absence of diabetes, was associated with islet nerve loss, we stratified the 92 islets from non-diabetic NOD control mice, based on infiltration. In the heavily infiltrated group (>50% of islet area infiltrated, n=23 islets), infiltration averaged 76±3% of islet area, whereas it averaged only 10±2% in the lightly infiltrated group (<50% of islet area infiltrated, n=69 islets). Importantly, the heavily infiltrated group had one-half the area of NPY-positive fibres in their islets (50±10 µm 2 /islet) of the lightly infiltrated group (99±11 µm 2 /islet; p<0.01). We then determined whether diabetes, in the absence of invasive insulitis, was associated with islet nerve loss. Although the non-diabetic NOR mice had the expected peri-insulitis, invasive insulitis was minimal (Table 1) and was not increased after 5 weeks of alloxan diabetes (Table 1) . Importantly, there was no significant decrease in NPYpositive nerve area in the islets of alloxan-diabetic NOR mice (Table 1) . Thus invasive insulitis, but not diabetes, was associated with loss of islet sympathetic nerves. To prove that invasive insulitis was required for the loss of islet sympathetic nerves, we used CFA to block the invasive insulitis normally induced by cyclophosphamide [27] . Islet infiltration in CFA-treated, cyclophosphamidenon-diabetic NOD mice was markedly lower than that in cyclophosphamide-diabetic NOD mice (p<0.01; Fig. 4a and Table 1 ). Importantly, the area of islet NPY-positive nerve fibres in the CFA-treated non-diabetic mice was markedly higher than that in cyclophosphamide-diabetic NOD mice (p<0.00005; Fig. 4b and Table 1 ).
To determine whether invasive insulitis was the major determinant of the islet nerve loss, we correlated these two variables across all 49 mice and across all seven groups used in this study. As expected, there was a highly significant negative linear correlation between the amount of infiltration and the area of NPY-positive fibres within the islet across mice (p<0.00001; r=−0.582; Fig. 5a ). However, in this analysis, islet infiltration accounted for only 34% of the variance in the islet NPY-positive nerve area, suggesting either a second major determinant of islet nerve area or significant random error in our estimates of islet nerve area. We reduced the random error by averaging the islet NPYpositive nerve area (and islet infiltration) for each of the seven groups used in the study. The striking improvement in the correlation coefficient (r=−0.944; Fig. 5b ) indicated that islet infiltration now accounted for nearly 90% of the variance of islet NPY-positive nerve area.
Glucagon responses to sympathetic neural activation We next determined whether there was an impaired glucagon response to selective activation of sympathetic nerves in those diabetic NOD mice that had the smallest amount of nerve loss (3 weeks of naturally occurring diabetes). In Fig. 2 Loss of islet sympathetic nerves in autoimmune diabetic NOD mice. a Staining of NPY in sympathetic nerve fibres within an islet of a non-diabetic NOD mouse (dashed line indicates islet boundary). The characteristic punctate morphology of peripheral sympathetic nerves is evident (arrows). b Neural NPY staining within an islet of an NOD mouse with cyclophosphamide-induced diabetes (duration of diabetes, 3 weeks). c Islet nerve fibre area in cyclophosphamide diabetic NOD mice (T1DM, type 1 diabetes mellitus; duration of diabetes, 3 weeks) and their age-and sex-matched non-diabetic NOD controls (ND). d Islet nerve fibre area after 3 weeks and 5 weeks of naturally occurring diabetes in NOD mice (T1DM 3 weeks and 5 weeks, respectively) compared with their own age-and sex-matched non-diabetic controls (ND). Significant difference compared with non-diabetic controls: *p<0.05, **p<0.01. Significant difference compared with 3 weeks of type 1 diabetes mellitus: † p<0.01 Table 2 ) and glucagon ( Fig. 6a and Table 2 ) concentrations. The plasma noradrenaline response to tyramine in NOD mice with 3 weeks of naturally occurring diabetes was similar to that in nondiabetic controls (Table 2) ; however, the plasma glucagon response in the diabetic mice was, as expected, significantly smaller (change, −44%; p<0.005; Fig. 6a and Table 2 ). These diabetic mice had a significant loss of islet sympathetic nerves (see above) but their islet glucagon area (4,932±665 µm 2 or 19±6% of islet area) was not significantly different from that of their non-diabetic NOD controls (4,117±805 µm 2 or 13+3% of islet area). In contrast to mice with autoimmune NOD diabetes, NOR mice with alloxan-induced diabetes had a plasma glucagon response to tyramine that was not impaired compared with their age-and sex-matched controls (change, +12%; Fig. 6b and Table 2 ), consistent with their retention of islet sympathetic nerves (see above). NOR mice treated with 6-hydroxydopamine had a marked reduction of both the plasma noradrenaline and the glucagon response to tyramine compared with NOR controls (change, −96% and −79%, respectively; Fig. 6b and Table 2 ).
Discussion
We first tested for and found a marked impairment of the glucagon response to IIH in diabetic NOD mice to which multiple anatomical defects within the islet might contribute. This impairment is unlikely to be due to the anaesthesia and surgery used in our study because both the basal glucagon levels and the response to IIH in our non-diabetic controls were similar to those reported in conscious mice [28, 29] . Our novel demonstration of an impaired glucagon response to IIH in diabetic NOD mice, coupled with those already published in BB diabetic rats [30] and in humans with type 1 diabetes [31, 32] , makes it clear that an early impairment of the glucagon response to IIH is a general feature of autoimmune diabetes.
Through a process of elimination, we concluded that the primary defects causing this early glucagon impairment in NOD mice are located within the islet itself. For instance, although the brain [33] and the islet alpha cells [34] are glucose-sensitive, the hypoglycaemic stimulus in the diabetic NOD mice was identical to that in the nondiabetic controls. Likewise, similar adrenaline responses to IIH ruled out an impairment of sympathoadrenal activation, such as that found after repeated bouts of hypoglycaemia. Thus, the defects causing the early impairment of the glucagon response to IIH are either loss of islet sympathetic nerves, loss of islet endocrine cells, or both.
Although the loss of islet beta cells is established in diabetic NOD mice [21] , it was not known until this study whether or not this model of autoimmune diabetes also has a loss of islet nerves. Using NPY as a marker, we demonstrated here a loss of sympathetic nerves within the islets of NOD mice that had been diabetic for only 3 weeks. Because activation of islet sympathetic nerves stimulates glucagon secretion [35] , this islet nerve loss has the potential to remove a significant alpha cell stimulator that is both activated during hypoglycaemia [36] and contributes to the glucagon response to IIH in non-diabetic animals [15] . However, the contribution that this nerve loss (eSIN) makes to the impaired glucagon response to IIH in diabetic NOD mice remains to be established. In contrast, there is published evidence that the loss of islet beta cells does contribute to this impairment in diabetic humans [37] and in rat models of diabetes [6, 38] ; therefore, it is likely to contribute in the diabetic NOD mouse. We have not ruled out a generalised alpha cell defect in these cyclophosphamide-treated, 3 week diabetic NOD mice, due either to alpha cell loss or islet inflammation secondary to invasive insulitis. Rather than investigate the relative contributions of islet endocrine cell dysfunction and eSIN to the impaired glucagon response to IIH in diabetic NOD mice, our subsequent studies focused on the mechanism of eSIN. Our current data, coupled with previous reports, rule out three non-autoimmune mechanisms for eSIN. First, although chronic hyperglycaemia causes diabetic autonomic neuropathy [39] , it is not a cause of eSIN because the islet sympathetic nerve area was not reduced by the 5 weeks of chronic hyperglycaemia that accompanied alloxan diabetes in NOR mice. Second, eSIN is not an artefact of reduced islet size because their islet size was not reduced significantly after even 5 weeks of NOD diabetes. In addition, alloxan treatment of NOR mice, which did markedly reduce islet size, did not reduce islet sympathetic nerve area. Third, eSIN is not due to beta cell loss per se because high-dose alloxan, which produced severe insulin-requiring diabetes, did not cause a loss of islet sympathetic nerves. These exclusions leave the lymphocytic attack of the islet, or the related islet inflammation, as the most probable mechanism for the loss of islet sympathetic nerves.
Indeed, there tended to be more invasive insulitis in the islets of NOD mice with 3 weeks of cyclophosphamideinduced diabetes when compared with their non-diabetic NOD controls; however, these non-diabetic controls had a substantial amount of invasive insulitis of their own. We reasoned that this moderate level of invasive insulitis should also destroy some islet nerves even in the absence of diabetes. Indeed, we found that the more heavily infiltrated islets of non-diabetic control mice had significantly fewer islet nerves. Therefore, invasive insulitis, in the absence of diabetic hyperglycaemia, was associated with a significant loss of islet sympathetic nerves.
We next tested whether increased duration of NOD diabetes exacerbates the islet nerve loss and, if so, whether it is associated with greater invasive insulitis. Indeed, there was more nerve loss at 5 weeks of naturally occurring diabetes compared with that seen after only 3 weeks. This progressive nerve loss contrasts with the islet nerve loss of diabetic BB rats, which was similar when compared between 1-3 weeks and 1-3 months of diabetes [17] . Likewise, islet infiltration progressed with increasing duration of naturally occurring NOD diabetes, reaching a significant increase at 5 weeks duration. We examined the relation between insulitis and islet sympathetic nerve area across all our mice and found a highly significant, negative relationship. When analysed across groups, the correlation suggested that invasive insulitis is the major determinant of the loss of islet sympathetic nerves in the NOD mouse, a factor not examined in our studies of the BB rat [17] . However, to definitively prove this suggestion, an interventional experiment was necessary.
Our intervention was the administration of CFA. CFA given to NOD mice is known to block dendritic cells and Tlymphocytes, but not macrophages, from invading the islet [40] . Because blocking the invasive insulitis by CFA treatment prevented the loss of islet sympathetic nerves, we conclude that the invading lymphocytes are required for this nerve loss. Further studies are needed to determine whether this lymphocyte-mediated nerve loss is due to cytotoxic Tlymphocytes targeting an autoantigen on sympathetic nerve terminals, to the release of neurotoxic cytokines from invading lymphocytes [41] or to the release of anti-sympathetic neurotropins [42] from invading B-lymphocytes [43] .
While the loss of sympathetic nerves from the islets of diabetic NOD mice was clear, the functional impact of that loss was not. Therefore, we tested for impaired glucagon responses to selective, sympathetic activation in diabetic NOD mice. We and others have used tyramine to selectively activate peripheral sympathetic nerves [44] [45] [46] . Our diabetic and non-diabetic NOD mice had similar portal venous noradrenaline responses to tyramine, confirming both equal activation of gut sympathetic nerves and a negligible contribution of islet sympathetic nerves to portal venous noradrenaline levels. However, the glucagon response to tyramine was significantly impaired in diabetic NOD mice, a finding consistent with loss of islet sympathetic nerves. Indeed, the major loss of sympathetic nerves induced by 6-hydroxydopamine pretreatment of non-diabetic NOR mice nearly abolished the glucagon response to tyramine.
Neither beta cell loss nor hyperglycaemia was an additional contributor to the impaired glucagon response to tyramine because that response was normal in alloxan diabetic NOR mice. Our NOD diabetic mice that received tyramine did not lose alpha cells, ruling out another potential contributor. However, studies showing preservation of the glucagon response to another glucagon secretagogue, one whose action is independent of sympathetic nerves, would be needed to rule out a generalised alpha cell dysfunction, secondary to the islet inflammation.
